Apolipoprotein E (apoE) is associated with several classes of plasma lipoproteins and mediates uptake of lipoproteins through its ability to interact with specific cell surface receptors. Besides its role in cardiovascular diseases, accumulating evidence has suggested that apoE could play a role in neurodegenerative diseases, such as Alzheimer disease. In vertebrates, apoA-I is the major protein of high-density lipoprotein. ApoA-I may play an important role in regulating the cholesterol content of peripheral tissues through the reverse cholesterol transport pathway. We have isolated cDNA clones that code for apoE and apoA-I from a zebrafish embryo library. Analysis of the deduced amino acid sequences showed the presence of a region enriched in basic amino acids in zebrafish apoE similar to the lipoprotein receptor-binding region of human apoE. We demonstrated by whole-mount in situ hybridization that apoE and apoA-I genes are highly expressed in the yolk syncytial layer, an extraembryonic structure implicated in embryonic and larval nutrition. ApoE transcripts were also observed in the deep cell layer during blastula stage, in numerous ectodermal derivatives after gastrulation, and after 3 days of development in a limited number of cells both in brain and in the eyes. Our data indicate that apoE can be found in a nonmammalian vertebrate and that the duplication events, from which apoE and apoA-I genes arose, occurred before the divergence of the tetrapod and teleost ancestors. Zebrafish can be used as a simple and useful model for studying the role of apolipoproteins in embryonic and larval nutrition and of apoE in brain morphogenesis and regeneration.
Cholesterol and other lipids are transported in the blood by different lipoprotein classes whose basic molecular organization and role in lipid metabolism are similar for all vertebrates (1, 2) . Apolipoproteins of the various lipoproteins regulate lipoprotein metabolism and determine the unique roles of these lipoproteins in lipid metabolism. In mammals, a group of eight exchangeable and soluble apolipoproteins (apoC-I, apoC-II, apoC-III, apoC-IV, apoA-I, apoA-II, apoA-IV, and apoE) is characterized by the occurrence of repeated amphipathic helical regions considered to be structural units essential for lipid-binding properties (3, 4) . Comparative analysis of sequence data has suggested that the exchangeable mammalian apolipoproteins are all members of a multigene family, and different evolutionary scenarios have been proposed (5) (6) (7) (8) .
These genes appear to have evolved from a common ancestral apolipoprotein gene, apoC-I, through whole-gene duplications, intraexonic amplifications of repeating units, and intragenic deletions. The presence of an apoA-I in bird and trout with a repeat pattern similar to those in human apoA-I (9) (10) (11) suggested that all the internal repeats in these sequences arose before the fish-mammal split, which was some 400 million years ago. apoA-I, apoC-III, and apoA-IV genes are closely arranged in a gene cluster in both chicken and mammals (12) , and apolipoproteins similar in their biochemical properties to some mammalian apolipoproteins have been identified in lower vertebrates (2, (13) (14) (15) . However, because no convincing evidence was found for the existence of apoE in nonmammalian vertebrates (14) (15) (16) , it is generally accepted that this important apolipoprotein is an evolutionary latecomer whose appearance may have coincided with the appearance of mammals.
MATERIALS AND METHODS
Isolation of cDNA Clones from an Embryo Library. Apolipoprotein cDNA clones have been isolated by whole-mount in situ hybridization screening from a phage ZAPII library constructed from poly(A) ϩ RNA isolated from 18-to 40-hrold zebrafish (Danio rerio) embryos (17) . Isolated phage plaques were randomly picked. Cloned fragments were automatically excised with helper phage and recircularized to generate subclones in pBluescript SK(Ϫ) phagemid vector (18) . The clones were selected for further analysis after performing whole-mount in situ hybridization on embryos. The rationale of this procedure was to specifically identify cDNAs derived from tissue-restricted abundance rather than from poorly expressed mRNA. Two different apolipoprotein cDNA clones have been isolated: I-BR102 and E-Bluebag. Because the I-BR102 clone did not include the entire coding region, this clone was used to rescreen the cDNA library according to standard methods (19) . Twenty-seven cDNA clones were isolated, and some of them were subsequently selected for further sequencing by the chain-termination method with the Pharmacia T7 sequencing kit. Oligonucleotide primers to internal sequences were used to obtain overlapping bidirectional sequence information.
Phylogenetic Analysis. The phylogenetic tree shown ( Fig. 2 ) was constructed with programs from the MEGA 1.02 package (20) . Topology and branch lengths of the phylogenetic tree were estimated using the neighbor-joining (NJ) method (21) based on the number of amino acid substitutions per site (Poisson-correction distance method, complete-deletion option for gap sites). Reliability of the NJ tree topology was evaluated by bootstrap analysis (22) with 5,000 replications. The accession numbers or bibliographic references for the sequences used are: human apoE (spP02649) and apoA-I (spP02647); macaque apoE (spP10517) and apoA-I (spP15568); rabbit apoE (spP18287) and apoA-I (spP09809); bovine apoE (spQ03247) and apoA-I (spP15497); dog apoE (gbC60940) and apoA-I (spP02648); pig apoE (spP18650) and apoA-I (spP18648); guinea pig apoE (spP23529); mouse apoE (spP08226) and apoA-I (spQ00623); rat apoE (spP02650) and apoA-I (spP04639); chicken apoA-I (spP08250); duck apoA-I (gbA61448); hedgehog apoA-I (23); rainbow trout apoA-I 1 (11) ; and sea lion apoE (24) . The sequences from zebrafish apoE and A-I reported in this paper were derived from the full-length E-Bluebag and I-7 clones.
Whole-Mount in Situ Hybridization. Embryos were fixed overnight in 4% paraformaldehyde, and the localization of transcripts was performed by whole-mount in situ hybridization as previously described (25) . Antisense-digoxygeninlabeled probes were generated using the T7 RNA polymerase after linearization of the vector by digestion with NotI. I-BR102 clone, from nucleotides Ϫ20 to ϩ550 of zebrafish apoA-I cDNA, and E-Bluebag clone, from nucleotides Ϫ6 to ϩ1321 of zebrafish apoE cDNA, were used as templates to generate the probes. As a control, sense probes were synthesized and did not give any staining. Embryos older than 24 hr were raised in 10% Hanks' saline plus 0.2 mM 1-phenyl-2-thio-urea to prevent pigment formation. Embryos were mounted in Permount ͑Fisher Scientific͒ after dehydration in methanol and clarification in methylsalicylate or, alternatively, mounted in 100% glycerol.
RESULTS AND DISCUSSION
Screening of a zebrafish (Danio rerio) cDNA embryo library for genes expressed with a temporal and spatial restriction during embryonic development has led to the isolation of two groups of apolipoprotein sequences. For the first group of cDNA clones, which code for zebrafish apoA-I, sequence information was obtained from nucleotides Ϫ26 to ϩ926, excluding the poly(A) tail, and an open reading frame (ORF) of 786 nt was shown coding for 262 amino acids (from nucleotides ϩ1 to ϩ786). A polyadenylylation consensus signal (AATAAA) was found 12 nt upstream from the poly(A) tail. The DNA sequence of the different zebrafish apoA-I clones characterized was found to be heterologous at three positions: nucleotide ϩ684 (T͞C), nucleotide ϩ708 (T͞C), and nucleotide ϩ846 (G͞A). None of the nucleotide differences present FIG. 1. Zebrafish (Ze) apoA-I and apoE predicted amino acid sequences aligned with the corresponding human (Hu) sequences. Human apoA-I and apoE (E3 isoform) sequences are numbered according to the mature proteins. The amino-terminal amino acids of mature zebrafish apoA-I and apoE were postulated to be located at the same position as in human apoA-I. Boundaries of the signal peptide (signal), the propeptide (pro), the unrelated coding regions 1 and 2 (UCR1 and UCR2, respectively), the 33-codon block, and the 11-or 22-residue repeats (4 to 14) of human sequences are indicated above the sequence for human apoA-I and below the sequence for human apoE. Double dots indicate identities and single dots indicate conservative substitutions between human apoA-I and zebrafish apoA-I (Top), between zebrafish apoA-I and apoE (Middle), and between zebrafish apoE and human apoE (Bottom). Residues identical or considered conserved in all apoA-I or apoE sequences currently available in vertebrates (see Materials and Methods) are underlined. The allowed conservative substitutions were defined as follows: A, G; S, T; E, D; R, K, H; Q, N; V, I, L, M; Y, F; W; P; C. Gaps inserted to optimize alignments are indicated by dashes. The lipoprotein receptor-binding region (residues 136-150) of human apoE is double-underlined.
in the ORF, which might encode allelic products, caused a change in amino acid. For the second group, one cDNA clone, which codes for zebrafish apoE, has been isolated with sequence information encompassing nucleotides Ϫ6 to ϩ1321, excluding the poly(A) tail, and showing an ORF of 843 nt coding for 281 amino acids. Two polyadenylylation consensus signals were found 23 and 164 nt upstream from the poly(A) tail. An alignment of the deduced amino acid zebrafish apoE and apoA-I sequences with the corresponding human sequences is shown in Fig. 1 . Gaps were introduced for maximum alignment of the sequences. Zebrafish apoE and apoA-I sequences showed 27.5% and 25.6% identities to human apoE and apoA-I sequences, respectively. The two zebrafish sequences presented 21.1% of amino acid identity between each other. By analogy to apoE and apoA-I that have been sequenced so far in vertebrates, a putative 18-aa-long signal peptide could be predicted in both zebrafish apolipoproteins. The putative prosegment appeared to be 5 or 6 aa long in zebrafish apoA-I and apoE, respectively. The absence of a prosegment in mammalian apoE could be due to the loss in the mammalian lineage of the conserved site for proteolytic cleavage of the pro-form. The amino acid sequences of mammals' apoE within this region are extremely poorly conserved, and aminoterminal extensions of this part of the molecule can be observed (24, 26) . Both zebrafish apoE and apoA-I mature protein sequences satisfy the common structural features depicted for the exchangeable apolipoproteins (8) . The first part includes a block of 33 residues, which consisted of 3 units of 11 amino acids. The second part consists of repeats of 11 or 22 residues predicted to form amphipathic ␣-helical secondary structures. Zebrafish mature apoE and apoA-I have predicted molecular weights of 29,063 and 27,841, and predicted isoelectric points of 4.95 and 5.14.
It is now established that in human apoE the basic amino acid residues between residues 136 and 150, clustered into a surface patch on one long ␣-helix (27) , are necessary for low-density lipoprotein receptor binding (26, 28) . This receptor-binding region is strongly conserved in zebrafish apoE (residues 117-131) and contains seven positively charged amino acids instead of eight in human apoE (Fig. 1) . Computer-based analysis of zebrafish apoE indicates that this region has a very low hydrophobicity together with a large hydrophobic moment (data not shown). The apoE alleles commonly found in humans and associated with a number of clinical states are distinguished by cysteine-arginine interchanges in the amino acid sequence at residues 112 (Cys 3 Arg) and 158 (Arg 3 Cys). The presence of a basic residue occupying in most mammalian species (26) , but also in zebrafish apoE (Lys-93), the equivalent of amino acid position 112 of human apoE, indicates that apoE4 (Arg-112, Arg-158) instead of apoE3 (Cys-112, Arg-158) is most likely the ancestral allele in human. In human apoE2 (Cys-112, Cys-158), the defective binding to the low-density lipoprotein receptor occurs by disruption of a single salt bridge between Asp-154 and Arg-158 and formation of a new one between Arg-150 and Asp-154 (29) . In zebrafish apoE, two charged amino acid residues (Lys-131, Glu-135) are present at positions equivalent to amino acids 150 and 154 of human apoE, but a basic residue is absent from the equivalent position 158 (Thr-139). It would be very interesting to compare the conformation of the two receptor-binding regions together with the ability of both proteins to compete for the same lipoprotein receptor.
The evolutionary relationships between zebrafish apoE and apoA-I and other available sequences from long exchangeable apolipoproteins are presented in Fig. 2 . The phylogenetic tree was constructed using parts of the amino acid sequences that can be unambiguously aligned (i.e., the common 33-codon block and internal repeats 4-8; see Fig. 1 ). In contradiction to previous phylogenetic analysis predicting the absence of apoE in teleost fish (30) , the clustering pattern of Fig. 2 provides convincing evidence that both apoE and apoA-I could be regrouped with the corresponding apolipoproteins of higher vertebrates. In addition to the presence of an low-density lipoprotein receptor-binding domain in zebrafish apoE, some amino acid residues, markers of apoA-I or apoE, are conserved in zebrafish apoA-I and apoE (Fig. 1) . In addition, a small apolipoprotein (LAL1) found in lamprey blood plasma (31) seems to be more closely related to zebrafish apoE than to zebrafish apoA-I. The extent of amino acid identities with zebrafish apoE and apoA-I were 26.1% and 16.9%, respectively (65 amino acid positions compared, including the 33-common-codon block, the first 11 amino acids of repeat 4, and the entire repeat 5). The presence of both apoE and apoA-I in a teleost fish supports the concept that the duplication events responsible for the presence of an apolipoprotein multigene family (7) occurred at the basis of vertebrate evolution. Different exchangeable apolipoproteins with lipid-binding properties and diverse, specific functional domains permit the appearance of a complex transport system for the transfer of exogenous or endogenous lipids toward different tissues in the context of the establishment of a closed circulatory system. The expression pattern of apoE and apoA-I genes determined by whole-mount in situ hybridization revealed a very high level of transcripts in the yolk syncytial layer (YSL) during embryonic and early larval development (Fig. 3) . ApoA-I transcripts were observed from the gastrula stage (see ref. 32 for details about stages of embryonic development of the zebrafish) to the end of embryogenesis exclusively in the YSL (Fig. 3 C, F, and H) . Similarly to apoA-I gene, but starting at the blastula stage, the expression of apoE gene was very strong in the YSL from this very early developmental stage until larval development (Fig. 3 A, B, D, E, and I) . The YSL is an extraembryonic structure that is formed during the blastula stage and is responsible for the degradation and transfer to the embryo and early larva of the yolk reserves contained in the yolk cell. It is most likely that apoA-I and apoE gene expression in the YSL is associated with the synthesis and secretion of lipoproteins. Fish YSL is a lipoprotein-secreting tissue (33, 34) that plays an essential role in the transport of yolk nutrients to the developing embryo. Apolipoproteins may play a similar role in embryonic nutrition of birds and mammals as suggested by apolipoprotein gene expression and lipoprotein secretion by the yolk sac (35) (36) (37) (38) .
In addition to their presence in the YSL, apoE transcripts were also detected at the blastula stage in some embryonic cells (Fig. 3A) . The presence of apoE mRNA expression at this early stage, revealed by in situ hybridization, was confirmed by reverse transcriptase-PCR assay (data not shown). ApoE transcripts were observed in the deep cell layer (the cells that will form the embryo proper) but not in enveloping layer cells (Fig. 3A) . In the deep cell layer, the staining is homogeneous except in the dorsal part of the blastula. ApoE transcripts were not found in dorsal cells, with the exception of the more dorsal marginal cells. At gastrulation stage, cells of the dorsal unlabeled domain give rise to the embryonic shield (the zebrafish homologous structure of the dorsal blastopore lip of amphibians) (Fig. 3B) . During gastrulation and neurulation stages, apoE transcripts progressively disappeared from the embryonic cells. At 20 hr after fertilization, apoE transcripts were detected in the posterior part of the tail, in the caudal-most part of neural tube, in caudal paraxial mesoderm, and in the ventral mesenchyme of the tail (Fig. 3D) . ApoE expression was also observed in some cells of the epidermis, anteriorly surrounding the olfactory placodes, and in the more axial epidermal cells that line the whole embryo and that give rise to the apical ectodermal ridge (AER) of dorsal caudal and anal fins (Fig. 3D) . At 24 hr, the expression in the tail region appeared restricted to the most posterior cells of the developing spinal cord, to cells of the presumptive AER, and to a few cells of the most caudal paraxial mesoderm (Fig. 3 E and  G) . Expression in the caudal neurectoderm and the mesoderm disappeared at the end of tail elongation but was still observed in the AER of uneven fins and in cells surrounding the anus (Fig. 3I) . ApoE transcripts were found in the AER of the pectoral fins, which start to form after 36 hr of development. Anteriorly, expression becomes more complex in the epiderm.
A very strong expression was observed in cells surrounding the mouth opening and sensorial organs of the face, i.e., olfactory vesicules and anterior lateral line organs (Fig. 4 A and C) . Expression was also observed in epidermal cells covering the heart, in ectodermal cells of the gill arch, and in epiblastic cells covering the mouth cavity (Fig. 4 A-C) .
After 3 days of development and in addition to the expression in these ectodermal derivatives, apoE gene starts to be transcribed in a limited number of cells both in brain and in the eyes (Figs. 3I and 4) . In brain, most of these apoE-expressing cells are located in the tectal region of the mesencephalon, where neurons of the retina project their axons, but some are also observed in telencephalon or rhombencephalon (Fig. 4 C  and D) . apoE gene expression was also observed in cells of the inner nuclear layer of the retina (Fig. 4 A and B) . The number of these brain cells containing apoE transcripts increased during early larval stages. Unlike other mammalian apolipoproteins, which are expressed primarily in the intestine and liver, apoE mRNA is present in most mammalian adult tissues, with the brain containing the second highest abundance of apoE mRNA (28) . Although not fully understood, apoE appears to play a role in both normal and pathological brain function. Within the central nervous system of mammals, apoE is synthesized and secreted mainly by astrocytes both in brain and in the eyes, but not by neurons (39) (40) (41) (42) . ApoE may play a role in local transport of lipids, and its synthesis is implicated in neuronal growth and in repair after injury of both peripheral and central neurons (28, 41, 43, 44) . Considerable knowledge concerning the embryonic development of the central nervous system and the neuroanatomy of the adult zebrafish has accumulated in recent years (45, 46) . It remains to be determined whether apoE gene expression is limited to a subpopulation of neuronal or nonneuronal cells during zebrafish brain morphogenesis. This animal could be used as a model organism to identify the mechanisms whereby apoE is involved in normal and abnormal pathophysiology within the nervous system. In summary, the present manuscript shows that apoE can be found in a nonmammalian vertebrate. The presence of both apoA-I-and apoE-expressed genes in zebrafish indicates, in contradiction to previous predictions, that the duplication events from which apoE and apoA-I genes arose occurred before the divergence of the tetrapod and teleost ancestors. Deduced amino acid sequences of zebrafish apoE and apoA-I show 27.5% and 25.6% identities to human apoE and apoA-I sequences, respectively. Some amino acid residues, markers of apoA-I or apoE, are conserved in zebrafish apoA-I and apoE. Analysis of the deduced amino acid sequences showed the presence of a region enriched in basic amino acids in zebrafish apoE similar to the lipoprotein receptor-binding region of human apoE. The temporal and timing of expression of apoA-I in the zebrafish embryo is different from that of apoE. Although very high levels of apoA-I transcripts were found in the YSL, those of apoE were located in the YSL but also in the deep cell layer during blastula stage, in numerous ectodermal derivatives after gastrulation, and after 3 days of development in a limited number of cells both in brain and in the eyes. Finally, zebrafish can be used as a simple and useful model for studying the role of apolipoproteins in embryonic and larval nutrition and of apoE in brain morphogenesis and regeneration.
